specific DNA probes has been successful in detecting human The mouse epididymal sperm aneuploidy (mESA) assay sperm carrying abnormal numbers of chromosomes, such using 3-chromosome fluorescence in situ hybridization as hyperhaploidy, hypohaploidy and diploidy (Baumgartner (FISH) was recently developed for assessing the aneugenic Robbins et al., 1993 Robbins et al., , 1995 Robbins et al., , 1997a ; Spriggs potential of chemicals on male germ cells. This study was et al., 1995) . Increased incidences of aneuploid sperm have designed to identify the major technical factors that affect been reported among cancer patients after they received inter-scorer and inter-laboratory variability of the mESA chemotherapy (Robbins et al., 1997a) , among active cigarette assay. Two laboratories participated in this study (GSF smokers (Rubes et al., 1998) and among men who consumed and Lawrence Livermore National Laboratory, LLNL).
caffeine and alcohol (Robbins et al., 1997b) . Given the Mice (102/ElxC3H/El) F 1 were exposed in one laboratory difficulties in conducting human exposure studies, especially (GSF) to vinblastine (VBL; single intraperitoneal injection those with complex exposures, reliable experimental animal of 0, 0.5, 1.0 or 2.0 mg/kg), one of the 10 priority compounds models are needed to identify potential germ cell aneugens of the Commission of the European Communities (CEC) and to characterize their mechanisms of action. Aneuploidy Program. Twenty-two days later the mESA Wyrobek et al. (1995) developed a mouse model using assay was applied to analyze sperm aneuploidy. In the multi-color FISH to detect aneuploidy in testicular sperm initial evaluation, small but statistically significant differ-(mTSA). This mTSA assay was used to demonstrate increased ences were found between the two laboratories in baseline sperm aneuploidy with advanced male age (Lowe et al., frequencies and there was also disagreement in the 1995), and elevated frequencies of aneuploid sperm in certain determination of a VBL aneuploid effect. Therefore, translocation carriers (Baulch et al., 1996) . Lowe et al. (1996) experiments were conducted to identify the sources of extended this approach to the analysis of the homogeneous the inter-laboratory differences and technical factors pool of epididymal sperm by developing the mouse epididymal that affected assay reliability and the VBL study was sperm aneuploidy (mESA) assay. These authors then applied repeated. A harmonization experiment was conducted by it to measure baseline frequencies of aneuploidy in sperm bringing the microscope scorers from both laboratories to from healthy adult males of several strains of mice as well as the same site (LLNL) for a cross-training exercise. Followfrom mice carrying Robertsonian translocations (Lowe et al. , ing this exercise, a second group of VBL-treated and control 1996). The inter-laboratory comparison study of Adler et al. mice were evaluated, and we concluded that VBL is not a (1996) noted small differences in baseline frequencies of sperm sperm aneugen. Our research has identified scoring criteria aneuploidy between the two collaborating laboratories (GSF as the major source of inter-laboratory variation and and Lawrence Livermore National Laboratory, LLNL) that emphasizes the importance of strict technical controls for were within a factor of two (P Ͼ 0.05). In human studies using the mESA assay, including controlling slide preparations sperm FISH, even larger variations in baseline frequencies of for treatment-induced reductions in sperm count, coding abnormal sperm are commonly reported among laboratories of slides and selection of statistical tests. These considera-(e.g., Downie et al., 1997; Egozcue et al., 1997 ; Guttenbach tions are particularly important for the interpretation of et al., 1997) and these differences are generally thought to small effects (≤2-fold) on sperm aneuploidy. Our findings represent technical rather than biological variations. Although suggest that 2-fold differences in frequencies can result differences in the scoring criteria are suspected to be the major from differences among scorers, samples and treatment sources of variation across laboratories, this question has not groups, and are readily within the normal variation for been addressed experimentally in an inter-laboratory study. the mESA assay. Such small differences should be viewed
The purpose of this study was to investigate the sources of with caution until independently confirmed.
technical variation of the mESA assay in the context of genetic Tables II and III. toxicology. Vinblastine (VBL), a potent aneugen in mouse somatic (Liang and Satya-Prakash, 1985; Manca et al., 1990; Zijno et al., 1989) and female germ cells (Mailhes et al., 1993; Russo and Pacchierotti, 1988) , was selected as the chemical for investigation. All animal handling, VBL treatments and sperm isolations were performed at one laboratory (GSF) by one technician. Epididymal sperm were isolated 22 days after treatment to sample cells exposed during meiosis. Slide preparations and hybridizations were prepared by laboratoryspecific protocols for the mESA assay and evaluated by scorers from both laboratories before and after harmonization. This paper describes the results of this inter-laboratory evaluation of the mESA assay.
Materials and methods

Fig. 2.
Design for treatment experiment 2: animal treatment, FISH preparation, slide scoring for experiment 2. (a) Design for the cross-training. The two experiments described in this paper each involved a separate dosing of (b) Design for independent scoring after cross-training. The results of mice with VBL. The first experiment (Figure 1 ) involved a single intraexperiment 2 are presented in Table IV . peritoneal injection (i.p.) multi-dose VBL exposure (0.5, 1.0 and 2.0 mg/kg) plus concurrent control with preparation, pretreatment, hybridization and scoring of sperm-smear slides conducted entirely at the GSF laboratory. The subsequent euthanized animal and placed in a Petri dish. The Caput and Cauda reanalyses of this experiment included a subset of sperm-smear slides from the portions were separated and incisions were made into the Cauda portions. 1.0 mg/kg and control animals that were prepared at the GSF but sent to LLNL Then each Cauda portion was placed individually into Eppendorf cups filled where they were hybridized and scored using LLNL procedures. In addition, the with 300 µl of fetal calf serum. The cups were placed in an Eppendorf original sperm-smears from the 1.0 mg/kg and control animals, which were incubator at 32°C for 30 min to allow the sperm to swim out of the prepared, pretreated, hybridized and analyzed at the GSF, were also re-analyzed epididymides. Epididymides were then removed from the cups and the sperm at LLNL. The second experiment (Figure 2 ) was carried out by exposing mice suspensions frozen on dry ice and stored at -80°C. Fresh or thawed sperm to 1.0 mg/kg, the dose of VBL that produced the highest disomy rates according suspensions (5 µl) were pipetted onto clean dry glass slides. Cells were to the results of the first experiment. Five treated and five control mice were smeared across the slide and allowed to dry overnight. The slides were stored analyzed, and two mESA slides were prepared per mouse. For each mouse, one at -20°C under nitrogen gas until use. Fresh sperm-smear slides from each slide was hybridized at the GSF and one at LLNL. The GSF scorer then traveled experiment to be processed at LLNL were shipped on dry ice. to LLNL for a cross-training (harmonization) exercise outlined in Figure 2a .
Preparation of the DNA probes Two controls and two treated mice were scored during the cross training in which the two scorers discussed their diagnoses of each abnormal cell found. Following
The plasmid DNA used to make the probes for chromosome 8 (clone 4 and the cross-training, the rest of the animals were scored independently by the two 5e; Boyle and Ward, 1992) and the X chromosome (DXWas70; Disteche scorers ( Figure 2b) . et al., 1985) were the same for GSF and LLNL. They were transformed in Escherichia coli XL1-blue and DNA isolations were made using the Qiagen Animals and chemical treatment Plasmid Maxi Kit (Qiagen, Chatsworth, MD) as described by Lowe et al. Male (102/ElxC3H/El) F 1 mice aged 10-14 weeks and weighing 25-29 g (1995) . The DNA for the Y chromosome-specific probe used by GSF was were used for both exposure experiments. They were bred in the GSF mouse prepared at GSF from flow-sorted murine chromosomes by primer-directed colony, received food and water ad libitum and were maintained on a 12 h DNA amplification using polymerase chain reaction (PCR) with the JUN1-light and dark cycle. Five males were randomly assigned to each treatment primer and the UW4B primer (Weier et al., 1994) . The DNA for the Y probe and concurrent physiological saline control group and dosed by a single i.p.
used by LLNL, on the other hand, was obtained from Breneman et al. (1995) . injection. VBL was obtained from Sigma (Deisenhofen, Germany). The
The probes used by GSF were indirectly-labeled while those used by LLNL injected volume of dosing solution was 0.1 ml/10 g body weight.
were directly-labeled. GSF labeled the chromosome 8 probe with bio-16-Males were killed 22 days after treatment and sperm were collected from dUTP, the Y probe with dig-11-dUTP and the X probe with a combination of the cauda epididymis. The techniques of preparation and decondensation of bio-16-dUTP and dig-11-dUTP using the Gibco Nick Translation System epididymal sperm, the preparation of the DNA probes and the hybridization (Gibco BM, Germany). The probes were detected by streptavidine-CY3 conditions have been previously described (chromosome 8) and anti-dig-FITC (Y chromosome) or the combination of 1996; . They are briefly described below for this study both (X chromosome). In the first experiment at LLNL, the probe for with notations on variations between GSF and LLNL.
chromosome 8 was labeled with Cy3-dUTP (Amersham, Arlington Heights, Preparation of epididymal sperm IL) and the probe for the X was labeled with fluorescein-12-dUTP (BoehringerMannheim) using a modified nick translation system (Gibco BRL). The The preparation technique for epididymal sperm, which was performed exclusively at GSF, was based on the procedure described by Lowe et al. painting probe for the Y chromosome was labeled with fluorescein-12-dUTP and rhodamine-6-dUTP (Boehringer, Mannheim) by PCR. Thus, the signal (1996) with minor modifications. Both epididymides were dissected from the (m-ESA) assay for chromosome 8 was red for both GSF and LLNL stained cells; however, GSF stained cells had a yellow signal for the X chromosome and a green Table I . Comparison of control data from multiple experiments performed at LLNL and at the GSF signal for the Y, which was reversed for LLNL protocol. However, in the second experiment, the probe labeling strategy at LLNL was modified to correspond to that used at GSF to avoid confusion during the cross-training LLNL GSF and subsequent scoring. 
Pretreatment and hybridization
The method for decondensation of sperm was essentially that previously a Frequencies ϫ10 -4 . described by Lowe et al. (1996) . Slides were incubated in a Coplin jar in 10 mM *P Ͻ 0.05 for LLNL versus GSF frequencies (Mann-Whitney U-test). dithiothreitol (Sigma) for 30 min on ice followed by incubation in 4 mM lithium-3,5-diiodosalicylic acid (LIS, Sigma). At the GSF, the incubation with LIS was for 30 min on ice while that at LLNL was for 60 min at room temperature. At was any disagreement as to the call and the criteria used to judge that phenotype the GSF, slides were subjected to drying both prior to and following decondensaas abnormal. After the cross-training, slides from three controls and three tion by heating them on a 70°C hot plate for 5 min. Slides at LLNL were air-dried VBL-treated mice were scored independently by both scorers. only following decondensation.
Statistical analysis Hybridizations were performed according to the procedures of Lowe et al. (1996) with some modifications as described by Adler et al. (1996) . Labeled
If no significant animal to animal variability was present, χ 2 test with Yate's correction was used to compare treated versus control frequencies of disomic or probes were mixed with Master Mix 2.1 (55% formamide, 10% dextran in 1ϫ SSC) and denatured at 78°C for 8 (GSF) or 6 min (LLNL). The sperm slides diploid sperm. If significant animal to animal variation was present, these frequencies were compared by using a Mann-Whitney U-test (Siegel, 1956 ). were denatured in 70% formamide (in 2ϫ SSC, pH 7.0) at 78°C for 5 (GSF) or 6 min (LLNL) and then dehydrated at room temperature in an alcohol series consisting of 2 min each in 70, 90 (GSF) or 85 (LLNL) and 100% ethanol. GSF Results slides were dried on a slide warmer at 37°C for 3 min, while LLNL slides were air-dried, prior to application of the denatured hybridization mix. After Table I shows a comparison of the baseline frequencies of applying the denatured hybridization mix and coverslip, the slides were incubated aneuploid sperm in two different stocks of healthy young adult 24-48 h (GSF) or overnight (LLNL) in a moist chamber at 37°C. Postuntreated male mice based on the analysis of Ͼ600 000 hybridzation washings consisted of 50% formamide ( 2ϫ SSC, pH 7.0) at 45°C sperm from 55 control mice scored at LLNL or GSF in (15 min for GSF and 10 min for LLNL) and PN-buffer (30 min at 37°C for GSF, and 10 min at 37°C plus 10 min at room temperature for LLNL). For GSF, probes previous experiments using the three-chromosome mESA were detected by immunofluorescence through the application of streptavidinassay. A statistical analysis of the 25 control animals scored CY3 (chromosome 8) or anti-dig-FITC (Y chromosome) or the combination at LLNL and 30 control animals scored at the GSF showed of both (X chromosome). Nuclei were counterstained with 4,6-diamidino-2-that the frequency of disomic sperm was significantly (P Ͻ phenylindole (DAPI). At GSF, 0.1 µg/ml DAPI in phosphate-buffered saline 0.05) higher at LLNL (~2-fold). This difference was due was placed on the slide for 10 min at room temperature before cover-slipping in Vecashield (Vector Labs., CA). At LLNL, DAPI at 0.125 µg/ml was applied to mostly to higher frequencies of X-X-8, X-8-8 and Y-8-8 sperm the slide directly in the Vectashield mounting media. Slides were stored at 4°C among the LLNL mice. These comparisons show that there in the dark.
were specific and systematic differences in baseline frequencies Scoring between two laboratories. It is not known whether these 10 000 sperm per animal were scored using a Zeiss Axiopan Fluorescence differences were due to the different animal strains used by Photo Microscope (Zeiss, Germany). The microscope was equipped with a the two laboratories or to technical factors related to the triple band-pass filter (set no. 61000, Chroma Technology, Brattleboro, VT) for mESA assay. preparations were done at the GSF, while scoring was perBrattleboro, VT, and DAPI: BP 365, LP 397, Zeiss, Germany). A similar formed at both laboratories. First, the effects of VBL exposure microscope setting was used at LLNL. At the GSF, records of abnormal sperm on chromosome segregation during male meiosis were analyzed were made by digitizing the microscopic image using the computer program ISIS3 (MetaSystems, Altlussheim, Germany). At the LLNL, records of all sperm using the three-chromosome mESA assay on slides pretreated, scored were maintained using a special program (CYTOscore) developed at hybridized and scored at the GSF (Table II) . The GSF scorer LLNL for the Macintosh computer.
found no significant differences in the treated group versus The sperm were assigned to the specific fluorochrome phenotypes as detercontrols for the sex ratio of sperm, no significant treatment color if both signals were of similar size and intensities, and were separated by a distance of more than half the diameter of one domain. The frequencies of significantly increased (P Ͻ 0.05) by a factor of Ͻ2 (Table II) . from the animals treated with 1.0 mg/kg VBL from this first During the cross-training, in which slides from two controls and two VBLexperiment were then sent to LLNL where they were prepared treated mice were analyzed, both scorers examined each sperm identified by either scorer as having an abnormal phenotype and discussed whether there for microscope analyses using the LLNL FISH hybridization X-8-8 and Y-8-8 sperm, also confirming the trend shown in Table III . Frequencies of aneuploid sperm after treatment with 1.0 mg/kg to the importance of scoring criteria. at LLNL, a cross-training (harmonization) exercise was conDisomies a 9.9 8.5 11.6 9.7 ducted during which both scorers shared with each other their evaluation of each abnormal cell found and discussed their
The number of aneuploid sperm for each mouse is given in parentheses.
criteria for selection. The cross-training was followed by a a Frequency per 10 4 sperm.
blind and fully-independent analysis of the VBL-treated and control animals. As shown in Table IV , there were no significant procedure with the same combination of chromosome-specific differences in the frequencies of the disomic sperm among the probes used at GSF (Table III , columns 1 and 2). In disagreecontrols and treated mice during and after the cross training ment with the findings at the GSF, no significant differences (0.060 and 0.065% for controls; 0.052 and 0.057% for the were detected by the LLNL scorer between the VBL-treated treated mice). Moreover, the control rates were now consistent animals and the corresponding controls (0.085 and 0.099%, with the control rates of the first experiment scored at the GSF respectively). Because this discordant result may have been (Table II) . However, in contrast to the first experiment, no due to some differences between either the FISH protocols increase of disomic sperm frequencies was found after treatand/or the scoring criteria used in the two laboratories, another ment with 1.0 mg/kg VBL by either the GSF or LLNL scorer, scoring was conducted at LLNL in which the exact same indicating that when these harmonized criteria were applied, slides scored at GSF for the 1.0 mg/kg VBL exposure plus no effect of VBL treatment was observed in sperm aneuploidy. controls were sent to LLNL to be rescored by the LLNL scorer Even after harmonization and cross training, there (Table III, columns 3 and 4) . Again, no significant differences remained a significant (P Ͻ 0.01) difference between the two were observed by the LLNL scorer in the frequencies of scorers in the prevalences of specific disomies. For example, disomic sperm between treated and control mice. Interestingly, 50% (21/42) of the disomies diagnosed by the LLNL scorer the frequencies of disomic sperm determined for exposure to were X-8-8, while this diagnosis was much less frequent 1.0 mg/kg of VBL at the GSF (0.095%) and at LLNL (0.085 (13/63 ϭ 21%) according to the GSF scorer. Conversely, and 0.097%) were very similar. However, the LLNL scorer the most frequent disomy diagnosed by the GSF scorer was observed a higher frequency of total disomic sperm (0.099 X-X-8 (25/63 ϭ 40%), which accounted for only 19% (8/42) and 0.116%) in the control animals in both scorings, which of the disomies according to the LLNL scorer (Table IV) . was consistent with the other LLNL control values (Table 1) For both scorers, the distribution of disomies was relatively and was~2-fold greater than the GSF-control scores (0.059, consistent with the corresponding laboratory's previous experi-0.057 and 0.050). The difference was mostly due to higher scores at LLNL than at the GSF in the categories of X-X-8, ence (see Table I ). However, one notable difference relative (m-ESA) assay Table IV . Frequencies of aneuploid sperm after treatment with 1.0 mg/kg VBL, cross-training exercise (harmonization) and re-evaluation of VBL effect at LLNL After cross training   Controls  Treated  Controls  Treated   Scorers c  TS  CS  TS  CS  TS  CS  TS  CS   No. of animals  2  2  2  2  3  3  3  3  Sperm scored  20 085  20 108  20 053  20 145  30 069  22 to prior experience was the actual frequency of disomies finding of a VBL effect even when the exact same GSF diagnosed by the LLNL scorer. This frequency (4.79%) is prepared FISH slides were evaluated. Thus, scoring criteria much lower than the previous control frequencies found at differences seemed the likely answer for the disparate VBL LLNL (12.28%; see Table I ). For the GSF scorer, the frequeneffects observed in the two laboratories. cies were in closer agreement (6.98 versus 5.43%; see Tables  In the first VBL experiment, the control frequencies I and IV).
Cross training
obtained by the GSF and LLNL scorer varied significantly (P Ͻ 0.05) by a factor of almost 2 (Tables II and III) . A general inter-laboratory difference in control frequencies Discussion with the mESA was previously noted by Adler et al. (1996) The use of FISH methods to detect numerical abnormalities in and continues to be evident (Table 1 ). Since the difference sperm of mammals, including human, has gained in popularity observed by the GSF scorer between control and VBLbecause of its relative ease and rapidity of collecting data treated mice might have been driven in part by the lower compared with epidemiological studies of human offspring or GSF control values, a harmonization of scoring criteria and animal breeding studies. The results of the present study particularly of the control values was undertaken at one site showed that: (i) differences in scoring criteria can significantly (LLNL). We conducted a second VBL-treatment experiaffect the estimates of sperm with numerical aberrations, and ment ( Figure 2 ) and, immediately after harmonization, had (ii) even when similar scoring criteria are employed, 2-fold GSF and LLNL scorers independently evaluate VBL slides differences between scorers occur with the mESA. Our study in a rigorously blind design. The findings of the first VBL suggests that when small treatment-related differences in the experiment, both for the increased frequency of disomic frequency of aneuploidy are found by a scorer (i.e.,~2-fold sperm at the GSF (Table 2 ) and for the high frequency of or less), the slides should be re-evaluated by a second scorer disomic sperm in the control groups at the LLNL (Table  and the entire experiment (treatment to analysis) should be 3), were not confirmed in the second VBL experiment repeated.
( Table 4) . Thus, we conclude that when harmonized The technique to detect aneuploidy in epididymal sperm of scoring criteria were used, in vivo exposure of male mice mice using multicolor FISH developed by Wyrobek et al. to 1.0 mg/kg VBL during meiosis did not increase the (1995) and Lowe et al. (1996) , was used previously by Schmid frequency of aneuploid sperm. et al. (1999) to investigate chemically-induced aneuploidy in
The findings of the present study establish that harmonizamouse sperm. The current study was motivated by the need tion of scoring criteria is a critical underpinning for the to evaluate the reliability of small (Ͻ2-fold) differences in reliability of the mESA assay for assessing the chemical sperm aneuploidy frequencies observed using the mESA assay.
induction of sperm aneuploidy. At the beginning of our study, In the current study, when the first set of sperm slides from both laboratories claimed they used the same cell scoring the 1.0 and 2.0 mg/kg groups were scored after multicolor criteria. Before the cross-training, there were distinct differ-FISH at GSF, the frequencies of disomic sperm showed a ences in the frequencies of some specific categories: e.g., small but significant elevation above the concurrent controls X-X-8 and X-8-8 sperm. After cross-training, several of these (Table II) . However, a re-evaluation of the same animals using differences remained. Inspection of affected cells under the LLNL hybridization and scoring procedures (Table III) did microscope indicated that the morphology (size and shape) of not confirm the VBL effect. At that point, it was possible that individual X and 8 domains can vary substantially, ranging the discordant VBL findings between the two laboratories from a tight spot, to those with a split domain to those made might be due to FISH protocol or scoring criteria. The role of up of a cluster of small spots connected by filaments. There the FISH protocol in the inter-laboratory difference was removed when the LLNL scorer could not confirm the GSF were differences in how scorers determined whether split domains or clusters of spots represent one or two domains The present finding of a lack of an effect of VBL on the (i.e. normal versus disomy). Strict criteria demanded that frequencies of aneuploid sperm as detected by the mESA assay disomic sperm contained domains separated by at least half is in contrast with the known aneugenic activity in male bone average domain diameter, but the decision required subjective marrow cells (Liang and Satya-Prakash, 1985; Manca et al. , assessments of domain size and separation. This difficulty was 1990; Zijno et al., 1989) and oocytes (Mailhes et al., 1993 ; amplified when parts of the two clusters were in slightly Russo and Pacchierotti, 1988) and adds to the list of contrasting different focal planes within the nucleus. The practitioners of results in male germ cells. VBL treatment caused meiotic sperm FISH know that there is no substitute for preparing delay (Miller and Adler, 1992) , increased the frequencies of slides that minimize split domains and cluster domains so that, hyperploid secondary spermatocytes (Miller and Adler, 1992) , ideally, all domains are tight spots.
and induced spindle aberrations in spermatocytes (Gassner and Three additional lessons were learned to improve the Adler, 1995) . However, Liang et al. (1986) found no significant reliability of the mESA assay. First, the importance of a induction of hyperhaploid spermatocytes in mice after treatthorough blinding of the scorers was reaffirmed, even though ment of spermatogonial as well as zygotene cells. These this is very difficult in toxicology when treatment reduces cell differing outcomes may be due to differences in dose, dose numbers. A small but highly relevant difference was discovered regimen, strain of mice used and biological differences related between the GSF and the LLNL FISH protocols. The LLNL to the endpoint measured. protocol requires searching the slides for a region of 'normal It is particularly of note that the results in male meiosis are or near-normal' sperm density, and applying a small (22ϫ22) vastly different from the unequivocal positive results obtained coverslip to limit the microscope analysis to that region. The in mouse oocytes (Mailhes et al., 1993 ; Russo and Pacchierotti, GSF protocol uses a coverslip covering the entire slide. Indeed, 1988) . The present data and those obtained with griseofulvin three experienced microscopists were able independently to (Qinghua et al., 1999) point to major differences between correctly identify four out of five coded slides from treated males and females in their germ-cell responses to spindle animals prepared by the GSF protocol based solely on the inhibitors (Eichenlaub-Ritter et al., 1996) . Unlike mitotic and observation of lower sperm density on slides from treated male meiotic cells, oocytes do not contain centrioles (Messinger animals. The same microscopists were unable to distinguish and Albertini, 1991). Instead, they contain multiple microtubule between treated and untreated slides using the LLNL protocol. organizing centers (MTOC) which form ring-or disk-like Thus, we strongly encourage that a third person performs structures at the spindle poles (Szöllösi et al., 1972) . Additionthe hybridization of the slides and selects the regions for ally, the cell cycle checkpoint controlling chromosome alignmicroscopic analysis in order to minimize possible biases or ment in metaphase (Taylor et al., 1998) , which arrests the artifacts due to low cell density. mitotic and male meiotic cycle if the mechanical attachment Second, we noted that the determination of the statistical of each pairs of kinetochores to two oppositely directed spindle significance of small differences in the percent of disomic fibers is not complete (Rieder et al., 1994; Nicklas, 1997 ; sperm could be affected by unexpected 'underdispersion', i.e., Rieder and Salmon, 1998), does not operate in mammalian less variability among animals within a given group than oocytes (Hunt et al., 1995) . Whether these differences are the would be expected to occur by chance, based (for example) main causes for sensitivity differences for aneuploidy induction on a Poisson model. An example of underdispersion in our by spindle inhibitors between the two sexes remain to be study is provided in Table II , in which the distribution of total determined. disomies in the five animals from the solvent control II group
In conclusion, the present study has identified several (6-7-6-5-5) and the 1.0 mg/kg VBL group (8-9-10-11-11) technical factors that are critical to the reliability of the mESA shows very little variability. When marked underdispersion assay when small changes are observed among laboratories, occurs, the statistical analysis may exaggerate the significance scorers and treatment groups. These include harmonizing of small differences among groups.
scoring criteria, rigorously blinding scorers using procedures Third, the post-harmonization results for this study that normalize cell numbers, evaluating dispersion character- (Table IV) showed that after a period of cross-training, in istics of the control and treatment groups and replicating which each scorer double-checked the abnormal cells found findings in repeated experiments using harmonized scorers. It by the other, one scorer was still observing~50% more might also be desirable to expand the sample sizes (number aneuploid sperm than the other (7.2 for T.E.S. versus 4.9 of animals per group) in order to obtain more statistical power. for C.Sanders). Furthermore, there remained a significant Furthermore, because microscopic scoring is laborious and difference in the distribution of specific disomies found by time-consuming, and automated methods are urgently needed each scorer, with certain disomies showing 3-6-fold differences (e.g., flow-cytometric analysis, automated analysis by laser between scorers (Table IV) . This strongly indicates that ജ2-scanning cytometry or computer-controlled microscopy). fold variations may be unavoidable with the current mESA assay. Meanwhile, a series of chemicals has been tested by the mESA assay and positive results were reported with
